Laboratory flume tests on granular flow were conducted in order to investigate the influences of water content, grain size distribution, grain shape, fines content and flume angle on dissipated energy in the granular flow. Energy dissipated during the flow is evaluated from initial/residual potential energies and kinetic energy at the outlet of the flume. Though all parameters addressed here have measurable impact on the energy dissipation and the corresponding equivalent friction coefficient m, it should be noted that the increase in fines content F c up to a certain threshold tends to increase the equivalent friction coefficient m. Beyond that threshold, the m-value suddenly decreases due to a change in soil fabrics, transforming slow-speed granular flow to a high-speed mud flow. The evaluated m-values for all tested cases have been found to be dependent on slope gradient.
Introduction
Debris flows are natural disasters occurring with increasing frequency recently because of rapid urbanization in mountainous areas and also due to climate changes all over the world (Kokusho, 2005) . Despite their frequent occurrence and devastation, the mechanism of debris flow has yet to be fully understood. Though debris flow is a high speed mass movement of granular materials mixed with water with a density 1.5-2.3 t/m 3 (Japanese Geotechnical Society, 2003) , it has been studied in fluid mechanics more often than in solid or granular mechanics. In the laboratory, debris flow behavior was basically investigated by flume tests (e.g. Takahashi, 1980; Yasuda et al., 2008) . Consequently, important geotechnical properties such as grain size distribution, grain shape, fines content have not been sufficiently considered in studying debris flow behavior.
In this laboratory test program, a series of flume tests have been performed on granular flows with special emphasis on the effect of geotechnical parameters. Energy dissipation and the corresponding equivalent friction coefficient in granular flow have been evaluated based on the energy balance in the flume test and compared among tests of different conditions to identify important parameters.
Test method and soil material
The flumes used in the tests for the energy calculation were 200 mm deep and 120 mm wide in inner cross-section and 3600 mm in length inclined with the angle y as illustrated in Fig. 1 . The upper 800 mm of the length was sectioned from the main part of the flume by a pneumatically driven gate, behind which granular soil mixed with water is placed just before the test. The slope angle y of the flume was varied step by step from 201 to 301. A dry soil mass of totally 10 kg, was slightly wetted first, placed behind the gate of the flume and added with a given quantity of water to make soil-water mixture of prescribed water content w c . Once the granular flow starts by opening the gate, its discharge velocity v at the outlet of the flume was continuously measured by a digital image sensor as indicated in Fig. 2 , together with the mass discharge M D by an electronic balance as shown in Fig. 1 .
Soil materials used in the tests were fluvial sands/gravels of semi-round shapes of hard quality. Tested soil samples with parametrically varied mean grain size D 50 , uniformity coefficient U c and fines content F c as well, were prepared in a different series of tests by appropriately mixing different sized particles. Rock flour from lime stone was used for non-plastic fines (particle size smaller than 0.075 mm) to be mixed with granular soils.
An acrylic flume was basically used for the tests, though a wooden flume was also used to examine the effect of the skin friction. Although it seems difficult to quantify the skin frictions exactly, a simple index test to evaluate their mutual differences was carried out, as illustrated in Fig. 3 . Namely, a lump of dry soil (mean grain size D 50 ¼ 1.84 mm shown later in Fig. 5 ), laterally constrained in a thin plastic film wall (400 g in weight, 10 cm square in the horizontal dimension), was placed on a slope so that it was in direct contact with the flume surface materials. Then the slope angle was raised slowly by a potable lift until the soil started to slide to determine the skin friction coefficients from the critical slope angle y cr as m skin ¼ tan y cr . The m skinvalues thus obtained for the acrylic and wooden flumes were 0.43 and 0.50, respectively.
Energy balance considered in the test
The cumulative energy balance governing a granular flow in the flume test from the start to the end, is expressed as follows:
where E D is the dissipated energy in granular flow, E PI the initial potential energy, E K the kinetic energy preserved at the flume end and E PR the residual potential energy at the end of the test. Based on the measured values, the kinetic 
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A lump of dry soil laterally constrained in square shaped thin plastic film wall energy at the outlet of the flume E K can be calculated as
where the mass discharge increment m D (iDt) at ith time increment (Dt¼ a time increment), can be calculated from the mass discharge M D as
The flow velocity of grains at the outlet v may be evaluated from the trajectory, shown in Fig. 2 , of flying grains, which is monitored by the digital image sensor. The basic equations used here are from Newtonian physics; x ¼ vt cos y and z ¼ vt sin y þðgt 2 =2Þ, for the horizontal and vertical distances from the outlet (Point O in Fig. 2) 
where, m R (j) is the residual soil mass at jth interval (200 mm each) of the flume, and h j the height at the center of each interval from the flume outlet O as indicated in Fig. 1 . The initial potential energy is
where H the height measured from the outlet of the flume, Point O, to the centroid of the soil-water mixture, Point C, initially charged behind the gate. The total mass of the soil-water mixture M can be expressed as
Thus, the energy dissipated in the soil mass during a single batch test from the start to the end of a flow, E D , was evaluated from Eq. (1) using Eqs. (2)- (7) as
The time increment Dt was chosen as 0.020-0.017 s in the measurement of m D (iDt) and v(iDt) above.
It is easy to understand that the dissipated energy e D for unit soil mass to flow in unit horizontal distance can be calculated from the energy loss E D in Eq. (8) as
where, L the horizontal distance from the initial centroid (Point C) of soil-water mixture behind the gate to the flume outlet O, and l j ¼ horizontal distance from Point C to the center of the jth section of the flume. This value e D may represent the average energy dissipated in a soil block of unit mass as illustrated in Fig. 4 to flow in a unit horizontal distance during a single flow test from start to end. Here, the units of length such as L, l j and mass such as M D , m r j are chosen as m and kg, respectively so that the unit of e D is J/kg/m. The potential energy change for the same soil mass flowing in the unit horizontal distance is g tan y. Hence, the ratio of the dissipated energy in the granular flow to the corresponding potential energy denoted here as R d is
The dissipated energy ratio R d can serve as an index, such that the smaller the R d -value, the longer the granular flow may travel. An equivalent friction coefficient m ¼ tan f between the soil mass and the flume (f ¼ friction angle) is introduced, here. The value m actually reflects energy loss not only by the flume skin friction but also by inter-particle movements. Then, the dissipated energy for a unit mass shown in Fig Table 1 Test conditions and results for G-series (variable parameters: y, w c , D 50 , U c , flume skin friction, particle shape).
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Test results and energy calculations
In a series of tests (Hiraga, 2008) , test conditions were changed parametrically as listed in Tables 1 and 2 . In G-series (from G-1 to G-28) of Table 1 , mean grain size (D 50 ¼ 1.84-14.4 mm), grain shape (roundish or angular), flume angle (y¼ 20-301) were parametrically varied using the acrylic or wooden flume. The value of water content was chosen as w c ¼ 35% or 50% in this test, which corresponds to the density, 1.8 t/m 3 or 1.67 t/m 3 assuming the average solid density as 2.5 t/m 3 and the water saturation in actual debris flows. In FC-series (from FC-1 to FC-20) of Table 2 , the fines content F c (weight percentage of fines, grain size o0.075 mm) of two granular materials (A and B) was changed stepwise from 0% to 100% mainly for w c ¼ 50%, using the acrylic flume of y¼ 301. Tables 1 and 2 show pertinent test conditions, calculated energies and the equivalent friction coefficients m for all the tests.
In most case, the same test was repeated twice under the same conditions to know its reproducibility in the test result. The deviation of the equivalent friction coefficient m defined as ðm max Àm mean Þ=m mean , (m max =the maximum or larger value in the repeated tests, m mean =the mean value) is listed for each test at the last column in the tables, while the blank line there indicates that the test was done only once in that particular case. The deviation of m shown in Tables 1 and 2 is mostly less than a few percent though the maximum value is 7%, indicating that the repeatability in measuring the energy and the friction coefficient is generally well despite apparent difficulty in repeating the test in exactly the same way in every detail.
Effects of grain size curves and grain shape
Three soil samples with parallel grain size curves on the semi-log chart in Fig. 5 were used to examine the effect of mean grain size D 50 in the acrylic flume with the angle y¼ 301. Fig. 6(a) exemplifies the time histories of the flow velocity at the outlet of the flume measured by the digital image sensor and calculated by Eq. (4). The velocity is extremely variable with time, starting with high velocity for less than a second, followed by much lower velocity for a few seconds with intermissions of no flow in between. The mass discharge for the same test shown in Fig. 6(b) measured by the electronic balance is spiky reflecting the inertia of large gravels dropping on the balance. In order to eliminate the spikes, the signal is approximated by a curve of an exponential function, which indicates that primary mass discharge occurred in the first one second despite sustained flow in the later time. Two test results under the same condition shown in Fig. 6(a) and (b) are almost coincidental, indicating good repeatability in this case.
In Fig. 7 (a) and (b), time histories of flow velocity and mass discharge, respectively, which were obtained from tests repeated twice for w c ¼ 35% and the flume angle Table 1 (from G-7 to G-18).
All these values are plotted versus the mean grain size D 50 in Fig. 8 . Both R d and m tend to decrease gently with increasing D 50 , indicating that granular flow of smaller particle size tends to dissipate more energy for all the water contents and flume angles tested here. The difference is 12% maximum between D 50 ¼ 1.84 mm and 14.43 mm.
Then, soils with grain size curves illustrated in Fig. 9 of almost the same D 50 but different uniformity coefficients were tested in the acrylic flume under the condition of w c ¼ 50% and y¼ 301. Not only fluvial soils of roundish particles but also artificially crushed stones of angular particles with exactly the same grain size curves were tested to compare the results. The values R d and m are listed at G-19-G-24 in Table 1 and also plotted versus U c in Fig. 10 . It can be seen from the figure that the dissipated energy becomes 14% larger with increasing U c from 2.29 to 12.22, and also that the particle angularity tends to increase the energy dissipation by only 4-6%.
Effects of flume angle and water content
The flume angle was parametrically changed to investigate its effect on the energy dissipation in the granular flow. For the acrylic flume, 3 flume angles (y ¼ 22.51, 26.51, Table 1 and also plotted versus y in Fig. 12 . It is observed that the dissipated energy ratio R d ¼ e D =g tan y tends to decrease with increasing y regardless of D 50 and w c both for the acrylic and wooden flumes. In contrast, the friction coefficient m ¼ e D =g tends to increase with increasing flume angle y. Two horizontal lines in the diagram represent the skin frictions already mentioned, indicating that the wooden flume has a little higher value than the acrylic flume. It is obvious that the m-values tend to be either lower or higher than the m skin -values due to changing geotechnical parameters even under the same flume angle. The absolute value of friction coefficient is higher in the wooden flume, than in the acrylic flume if the results for the same water content is compared, presumably reflecting the difference in the measured m skin , though the m skin -values may not exactly represent skin frictions actually exerted during the flume test due to differences in water content and other conditions.
Effect of fines content
For test series FC1-FC20 in Table 2 , two granular materials with different grain size distributions (D 50 ¼ 1.24, U c ¼ 12.2, C c ¼ 0.61 and D 50 ¼ 2.00, U c ¼ 20.2, C c ¼ 0.74) were prepared by mixing sands and gravels (C c stands for the coefficient of curvature). Then, non-plastic fines made from rock flour finer than 0.075 mm in grain size were added stepwise to each of them from F c ¼ 0% to 100% to make two types of materials of different fines content F c (named here Materials-A and -B) as illustrated in Fig. 13 . They were used to examine the effect of F c in the acrylic flume of y¼ 301. In Fig. 14(a) and (b), time histories of flow velocity and mass discharge are shown for Material-A of F c ¼ 0, 15, 30, 100% and w c ¼ 50%. Though there are some differences between the repeated tests of the same conditions, the trend is obvious that higher velocity sustains longer and mass discharge occurs faster for F c ¼ 30% in particular and that the mass discharge rate is much slower for F c ¼ 15% than other F c -values. From all the test results of FC-series using Materials-A and -B, dissipated energy ratio R d ¼ e DP =g tan y and the equivalent friction coefficient m ¼ R d tan y are calculated and tabulated in Table 2 (from FC-1 to . All these values are plotted versus fines content F c in Fig. 15 . Both R d and m first increase until F c A15% (both for w c ¼ 50% and 35%), then show sudden downturn to the lowest values at F c A20-30%, which is followed by an almost constant low value up to F c ¼ 100%. The trends are almost identical for Materials-A and -B, though the changes in B are slightly lagged compared to A presumably due to the difference in the grain size curves.
Superposed on the same diagram are the extents of critical fines content CF c (12.6-15.4% for A and 11.1-14.4% for B) evaluated from the theoretical equation (Kokusho, 2007) 
here, the porosity of coarse soil (sand and gravel) n c and that of fine soil n f are calculated from n c ¼ ðr Table 3 for Materials-A and -B. The extents of CF c calculated from Eq. (12) for the two materials are also listed in the table assuming that the maximum or minimum density occurs at the same time in the coarse and fine soils. The critical fines content CF c is an index often used in granular mechanics which corresponds to the state where fine particles saturate the void of coarser grains and start to overflow, changing the soil fabric from grain-supporting to matrix supporting. Because the peaks for R d and m occur within the extent of CF c -values both for Materials-A and -B as observed in the figure, the soil fabric change seems to dramatically decrease the dissipated energy and the associated friction coefficient, facilitating a transition from granular flow to high speed mud flow. It may well be inferred qualitatively that a similar mechanism may also be involved in actual debris flow.
Discussions
All the friction coefficients obtained by the flume tests listed in Tables 1 and 2 are plotted again versus the flume gradient b with different symbols on the same diagram in Fig. 16 . The plots are all on or below the diagonal line m ¼ b quite logically because otherwise the flow could not occur. The m-values tend to increase slightly with increasing slope gradient b in the both flumes at almost the same rate as already indicated in Fig. 12 , too.
Equivalent friction coefficients were quantified in situ previously from debris flows induced by rains and earthquakes, which were found to be dependent on various parameters. Among the parameters, it is known that the greater the debris volume, the friction coefficient tends to be smaller (e.g. Hsu, 1975) . The same trend has also been found in case studies of a number of slope failures during the 2004 Niigataken Chuetsu earthquake by Kokusho et al. (2009) .
In this test series, in which the effect of slope gradient was focused rather than the debris volume, the increasing trend of friction coefficient with slope gradient has been clearly observed both in acrylic and wooden flumes as shown in Fig. 16 . However, the increasing rate seems moderate compared to the m ¼ b line. Since the skin friction does not seem to change with slope angle, inter-particle movements inside the flow may increase the equivalent friction coefficient with increasing slope gradient. Much more research is certainly needed to know exactly how the energy dissipation inside the granular flow changes due to changing slope gradient.
Conclusions
A series of flume tests were conducted for soil samples with different geotechnical parameters to study energy dissipation mechanisms in granular flow from the granular mechanics point of view, yielding the following major findings:
(1) With decreasing mean grain size D 50 , the dissipated energy ratio R d and the equivalent friction coefficient m tend to increase for water contents and slope angles tested in the acrylic flume, though their increments are not so large (12% maximum between D 50 ¼ 14.43 and 1.84 mm). The R d and m-values tend to increase with increasing uniformity coefficient U c (14% between U c ¼ 2.29 and 12.22). Particle angularity tends to increase the energy dissipation only 4-6% if fluvial gravels and artificial crushed stones are compared. (2) The dissipated energy ratio R d tends to decrease with increasing y regardless of D 50 and w c both for the acrylic and wooden flumes, while the friction coefficient m tends to increase with increasing y. The absolute value of friction coefficient is higher in the wooden flume than in the acrylic flume, presumably reflecting the difference in the measured skin friction. (3) According to the tests using two materials with slightly different grain size curves, both R d and m tend to increase to peak values with increasing fines content F c up to F c ¼ 15%, then suddenly turn down to the lowest values at F c ¼ 20-30%, followed by almost constant low values up to F c ¼ 100%. (4) This value of F c corresponding to the peak almost coincides with critical fines content CF c of sand-gravel mixture at which fines saturate the voids of sands and gravels and start to overflow, changing the soil fabric from grain-supporting to matrix-supporting. (5) This may indicate that the granular flow may change to mud flow with lower equivalent friction coefficient near CF c . Thus, the effect of fines content F c of non-plastic fines seems important because it may potentially change the flow type from slow-speed granular flow to high speed mud flow with a slight change in F c . (6) It is shown in this test series that the measured friction coefficients tend to increase moderately with increasing slope gradient both in acrylic and wooden flumes. Since the skin friction does not seem to change with slope angle, increasing inter-particle movements with increasing slope gradient seem to be responsible for this.
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